Genomics is a sequence based informatics science and a structure based molecular material science. There are few tools available that unite these approaches in a scientifically robust manner. Here we describe G-Dash, a web based prototype of a genomics dashboard, specifically designed to integrate informatics and 3D material studies of chromatin. G-Dash unites our Interactive Chromatin Modeling(ICM) tools with the Biodalliance genome browser and the JSMol molecular viewer to rapidly fold any DNA sequence into atomic or coarse-grained models of DNA, nucleosomes or chromatin. As a chromatin modeling tool, G-Dash enables users to specify nucleosome positions from various experimental or theoretical sources, interactively manipulate nucleosomes, and assign different conformational states to each nucleosome. As an informatics tool, data associated with 3D structures are displayed as tracks in a genome browser. The exchange of data between informatics and structure is bi-directional so any informatics track can inform a molecular structure (e.g. color by function) and structure features can be displayed as informatics tracks in a genome browser(e.g. Roll, Slide, or Twist). As a sample application, models of the CHA1 promoter based on experimentally determined nucleosome positions are explored with G-Dash. Steric clashes and DNA knotting are observed but can be resolved with G-Dash's minimal coarse-grained model without significant variation in structure. Results raise questions about the interpretation of nucleosome positioning data and promoter structures. In this regard, G-Dash is a novel tool for investigating structure-function relationships for regions of the genome ranging from base pairs to chromosomes and for generating, validating and testing mechanistic hypotheses.
INTRODUCTION
Chromatin is the biomaterial that contains the genome in all higher organisms. Genomics is fundamentally a DNA sequence based information science and a 3D based material science.
Determination of chromatin structure is challenging for both experimentalists and theorists [1] .
There is no consensus for the structure of chromatin [2] , but there is a wealth of structure, informatics, and functional data. 3D structure based experiments provide atomic or near atomic data for nucleosome and nucleosome arrays [3] [4] [5] [6] [7] [8] [9] . Cross-linking and sequencing based methods yield the gross structure of entire genomes [10] [11] [12] [13] [14] [15] [16] [17] . Global efforts such as The 1000 Genomes [18; 19] , ENCODE [20] [21] [22] and the 4D Nuclesome [23] projects provide reference standards for informatics analysis. Coupled with next generation sequencing (NGS) and genome wide association(GWA) studies these reference standards enable individual labs to link chromatin reprogramming with disease and altered gene expression, e.g. [24] [25] [26] [27] .
However, a significant challenge in chromatin structural biology is unifying this data to develop and validate structure-function relationships or hypotheses genomic mechanisms of action.
There exists a growing collection of tools for low resolution chromatin modeling based on Hi-C analysis [15; 28] , but there are few if any tools that directly link informatics data with atomic or coarse-grained modeling. Researchers often rely on conceptual diagrams to describe genomic mechanisms. These diagrams may fail to account for known structural details. Likewise, even though atomic and coarse-grained models of chromatin are rapidly maturing [29; 30] , modelers are faced with the challenge of identifying relevant experimental and biological data during study design and interpretation phases. Modelers may fail to account for important biologic information.
The goal of G-Dash is to promote the convergence of informatics and structural studies of chromatin through the development of genome dashboards. A dashboard is a console that manages information and provides controllers for navigating the physical world. A "genome dashboard" merges bioinformatics and structural studies of genomes. Merging data from different sources (data unification) is based on the idea that DNA is the common thread in chromatin structural biology and is achieved through laboratory (Cartesian coordinate) and material (internal coordinate) reference frame representations of DNA as a space curve.
Here we present G-Dash as a prototype genome dashboard for modeling chromatin.
Below we describe the mathematical theory and code design principals that are the foundation of the genome dashboard concept. We then introduce G-Dash and demonstrate a simple usage scenario using the CHA1 promoter as an example. We conclude with a summary of G-Dash capabilities and outline future possibilities.
METHODS Theory
Geometry. Chromatin is a protein-DNA complex whose structure is synonymous with the 3D space curve of DNA contained within it. In a laboratory reference frame, a continuous space curve has centerline, ⃗ r (s) , and director frames embedded in the underlying material, [45] . There are two widely used tools for DNA helical parameter analysis. 3DNA [46] uses an Euler angle method and a mid-step plane approximation [40] . Curves+ [47] uses a Cayley parameter based method [37] . These and other tools [48; 49] are extremely fast. Helical parameter values obtained from the two methods are known to differ [50] Differences may arise from two sources. The assignment of director frames to base pairs may differ. However, the methods for assigning director frames are well defined [51] , so these differences should only occur for significant deviations from ideal pairing. The other source of differences is method dependent. Helical parameter values obtained from the Euler based method, with its mid-step plane approximation, and from the Cayley parameter method differ even when the director frames used for the calculations are identical. Thus, values obtained from one method should not be interchanged with the other. Table 1 .
Code Design
Genome dashboards can be efficiently designed default tracks are pre-selected, but users can add tracks from either public or private resources [56] . For sacCer3 the default tracks include "Occ", "Genes", "Count" and "Peak" and represent data obtained from [57] .
Biodalliance supports bigwig, 2bit and other common data formats. Users can manipulate the style, color, and max/min values associated with any track. In G-Dash, users select a specific 
USAGE SCENARIOS
A genome dashboard, like any dashboard, enables a user to navigate a physical world that appears in one or more windows. The navigator may choose to utilize informatics data, observations of the physical world, autopilot or any combination of these to achieve a desired
outcome. An experienced pilot maintains situational awareness and knows which data sources should be monitored or ignored to achieve a desired outcome. Below we describe some simple usage scenarios, and the outcomes that can be achieved with G-Dash.
Additional details including video demonstration included as help on G-Dash landingpage.
From Informatics to 3D Model
One usage modality of G-Dash is the generation of a 3D model based on informatics data. [29] are used. The Temperature function works for both free DNA and chromatin. However only the DNA that is not Masked is subject to thermal variations. As we reported previously [59] random fluctuations added to the nucleosomal DNA helical parameters are sufficient to destroy the nucleosome superhelix [59] .
For this reason thermal variations are not added to any region of DNA that is masked.
The Free DNA button in G-Dash will generate a single 3D structure or ensemble containing ten different sequence specific thermal variants. In the development version of G-Dash, an all-atom model can be generated using the "All Atom" button in the Control Panel for any single coarse-grained models.
Nucleosome Modeling.
The stable version of G-Dash includes Masks that represent various conformations of the nucleosome superfamily of states [60] . All-atom and coarse-grained modeling is allowed for nucleosomes and is controlled by the Nucleosome Widget in G-Dash. A general purpose genome dashboard should include a Mask Widget. The idea is the same as the Nucleosome Widget described below.
Nucleosome Widget: The Nucleosome Widget represents and controls the location and type of nucleosomes in a Nucleosome Energy Landscape, see Figure 3 . The Nucleosome Energy
Landscape was described in ICM [45] and is used to postion nucleosomes. In G-Dash users may position nucleosomes based on any informatics track. Thus, the Nucleosome Energy Landscape may serve as only a reference for manipulating nucleosome positions and types. G-Dash users are able to add, delete, move or alter nucleosome types using the Nucleosome Widget by clicking on the corresponding block in the Nucleosome Energy Landscape. The block turns green when selected and can be used to identify a nucleosome in a 3D model.
Bi-directional data exchange was not supported in ICM-web so these functionalities were not available.
All-atom Nucleosome models: G-Dash will make an all-atom mono-nucleosome model for any nucleosome selected from the Nucleosome Energy Landscape by clicking the "All Atom" button in the Nucleosome Widget, Figure 4 D. The models are based on the 1KX5 x-ray structure [61] and include Amber formatted parmtop, crd, and pdb files that can be downloaded for computational studies by the user. For these models a DNA superhelix is constructured for the selected sequence of DNA and docked onto 1KX5's histone octamer.
Coupled with high performance high throughput workflows [62] and our iBIOMES-Lite [63] database of nucleosome simulations [64] , a software ecosystem now exists for overnight comparative molecular dynamics simulations of nucleosomes. 
Chromatin Modeling
Given the ability to model free DNA and nucleosomes, chromatin modeling is achieved by assembling these building blocks. Chromatin is linker (free) DNA interspersed with nucleosome Masks M ( s) . To locate the nucleosome Masks, users can utilize any single informatics track or use G-Dash's positioning tools as described below. Whenever a model is created structural-informatics tracks in the genome browser are automatically updated. Figure   4 , H. Collectively these tools provide a novel means of investigating structure-function relationships.
Automatic positions: The auto option automatically places nucleosomes in the energy landscape utilizing the same method developed for ICM-Web. The default is 70% occupancy of the maximum number of allowed nucleosomes and a minimum linker length of 19 bps.
Shown in Figure 4 , H. Varying the percent occupancy and minimum linker length determines how extended or condensed this non-uniform model will be.
Uniform:
The Uniform option provides a uniform linker between all Masks. As in ICM-Web, the user can control the phase and linker length. The default value is a phase of 0 and linker length is 19. The first nucleosome begins at the very start of the DNA sequence. All successive nucleosomes are spaced 19 base pair from the previous one. This produces a chromatin fiber structure. As shown in the Figure 4 , H, this uniform chromatin fiber is not necessarily straight even when the temperature is zero because the linker possesses sequence specific conformation and thermal properties.
Manual positioning: Users can manually control nucleosomes using the Nucleosome
Widget. Clicking on one of the nucleosome "blocks" turns the block from transparent to green.
The user can then drag the nucleosome to alter its position, change its type using a pull-down menu, or delete it. If there is sufficient room a nucleosome can be added to the left or right.
Once the desired distribution of nucleosomes is achieved in the Nucleosome Energy Landscape, selecting "Position" from the drop down menu of build options will make the prescribed model and update the structure tracks to the genome browser. 
From 3D Model to Informatics
The other usage modality of G-Dash is to extract informatics from a 3D structure and formats it as track data. This mode can be used to align an externally developed model with informatics data for the purpose of interpreting or validating the physical model or employed in a workflow for developing knowledge based potentials. assembly. For the DiscoTech based models, which contain no sequence, the user chooses a starting location with the sequence selector (yellow bar) to associate the model with chromosome coordinates. This usage modality provides a powerful tool for interpreting modeling based studies.
APPLICATION
As a sample application, G-Dash is utilized to studied the CHA1 promoter located on chromosome III of saccharomyces cerevisiae (sacCer3). This system is well studied and was used, along with the HIS3 and PHO5 promoters, to validate one of the first genome wide assays of nucleosome positions [66] . For this example experimentally determined and theoretically predicted nucleosome positions are used to make coarse-grained models of chromatin. We also consider the effects of the phase term in a uniform chromatin model.
Generating User-defined Tracks: Nucleosome positioning information from [57] and hydroxyl radical cleavage data from [67] were converted to bigwig data format using the wigToBigWig converter provided by [58] . These tracks are uploaded as custom tracks in Biodalliance using its track management features by selecting the "Binary" option under the "Choose Files" button, and choosing the desired file. Clicking "Add" displays the bigwig data as a new track in G-dash(see supplemental video). Data from [57] is loaded by default for the sacCer3 assembly in the stable version of G-Dash. Data from [67] is loaded by default in the development version of G-Dash. feature, Figure 4 , G. Similar to the results for the MMTV promoter computed by ICM-Web [45] it is clear that several irregularly spaced nucleosomes are insufficient to identify a chromatin fiber. Moreover, the 3D structure of the promoter is much more accessible than one may be lead to believe by spacing of nucleosomes as informatics, Figure 4 , G. Assigning different conformations from the nucleosome superfamily to the individual nucleosomes or using chromatasome complexes rather than octasomes will certainly change conformation of the model; however, such changes will not produce a highly compact structure. This is true for any choice of nucleosome positions available from [57] . The PHO5 and HIS3 promoters yield similar results.
Uniform: To achieve a highly compact structure one can ignore the nucleosome positioning data and uniformly space the nucleosomes, as is done for chrIII: 12871...16880 of sacCer3 in Figure 4 
G-Dash Scalability
The conversion between material frame and laboratory representations is fast. Compute time to fold 30,000bp is less than 0.5s. Folding all of chromosome III (over 237,000bp) requires less than 1.5s in the FORTRAN compute engine, Figure 5 . Data for a Python based version is provided for comparison. For G-Dash the bottleneck is transferring and loading the molecule for display in JSmol. Speed up in G-Dash can be achieved by not transferring all the base pair data. In fact transferring only one bead per nucleosome rather than a bead for each base pair and the core to represent a nucleosome will yield an over 100 fold savings per nucleosome.
These and other optimizations will allow megabase segments and larger to be managed interactively in a web format and small to medium chromosomes to be managed in computational workflows on a desktop workstation. Nucleosome positions and DNA materials properties alone are an incomplete model of chromatin. The obvious next step is inclusion of Hi-C, Micro-C and other cross-linking data as distance constraints in the 3D structures. This is a form of a knowledge-based potential that can be immediately realized by unifying structure and informatics in a genome dashboard.
DISCUSSION
G-Dash is only a prototype of the genome dashboard concept that unifies structure and informatics approaches. We will continue to add features to G-Dash, but expect other genome dashboards to be developed. Using the design principals described here. There is nothing in the genome dashboard concept that limits its application to eukaryotes or chromatin folding. The nucleosome model used during structure relaxation is a minimalistic model designed to preserve nucleosome structure. It consists of three "atom" types: (1) free DNA (blue beads), (2) nucleosomal DNA (red beads), and (3) the histone octamer (green bead). There are three "bond" types: (1)-(1), (2)-(3) and (2)- (2) . The latter fixes the pitch of the DNA superhelix with bonds between adjacent atoms of the gyres. Parameter values for each energy function and atom type are as listed. These values are chosen to preserve structure while resolving steric clash and knotting rather than for thermodynamic accuracy. A) A sequence is selected for modeling with the yellow highlighter in the sequence track of the genome browser (yellow bar). B) A single sequence specific coarse-grained or all-atom model of DNA or ensemble of conformations representing thermal variations can be generated and displayed. C) Different conformations of the nucleosme superfamily of states can be assigned to specific locations using informatics tracks E) or the Nucleosome Widget F). D) An all-atom model for any single nucleosome can also be generated. G) The default coloring of coarse-grained nucleosome models uses small yellow beads for DNA and large blue beads for the histones. Steric clash is indicated by red nucleosmes. Informatics data can be mapped on the coarse-grained models. H) Options for generating specific distributions of nucleosomes along the DNA are provided. The development version supports conversion of coarse-grained models to allatom models. 
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